Dendritic cells (DCs) change their antigenpresenting properties during maturation. Immature DCs efficiently capture antigens, but are reported to be impaired in their processing and presenting capacity. Upon an encounter with an inflammatory stimulus, DCs undergo a maturation process that leads to efficient presentation of antigens captured at the time of activation, but precludes processing of antigens encountered at later time points. The mechanisms that underlie these developmental changes are controversial. Thus, it is unclear whether immature DCs can present self antigens, and which are the checkpoints that regulate antigen presentation in immature and mature DCs. We have characterized these mechanisms using DCs derived directly from lymphoid organs. Immature lymphoid organ DCs constitutively presented self peptides bound to major histocompatibility complex class II (MHCII) molecules, but these MHCII-peptide complexes were degraded quickly after their transient expression on the cell surface. During maturation, MHC II endocytosis was downregulated, so that newly generated MHC II-peptide complexes accumulated on the plasma membrane. Simultaneously, MHC II synthesis was down-regulated, thus preventing the turnover of the MHC IIpeptide complexes that accumulated early during maturation. Our results demonstrate that immature DCs constitutively present self antigens in the lymphoid organs and characterize the molecular basis of the capacity of DCs to provide "antigenic memory" in vivo. 
Introduction
Naive T lymphocytes circulate through the secondary lymphoid organs, where they use their T-cell receptors to scan for antigenic determinants displayed on the surface of antigen-presenting cells (APCs). The determinants recognized by CD4 ϩ T cells are presented by major histocompatibility complex class II (MHC II) molecules, which are specialized at binding antigenic peptides derived mostly from proteins degraded in endosomal compartments. 1 In the absence of foreign antigens, such proteins are either components of the APC itself (ie, endogenous) or exogenous self proteins endocytosed by the APC. 2, 3 Foreign antigens are incorporated into this pathway by endocytosis, yielding peptides that must compete with the self peptides for binding to MHC II molecules.
Dendritic cells (DCs) are probably the only APCs that can stimulate naive T cells in the secondary lymphoid organs. 4 DCs have a complex developmental history. The term "maturation" was originally introduced to refer to the changes undergone by skin Langerhans cells (LCs) (a DC type) during culture in vitro. 5 The so-called immature DCs are defined by 3 phenotypic and functional features: (1) they are highly endocytic; (2) they express low levels of MHC II and T-cell costimulatory molecules such as CD40, CD80, and CD86; and (3) they cannot activate naive T cells. During culture, LCs mature to a stage in which they (1) stimulate naive T cells and (2) no longer process and present newly encountered antigens, although they very efficienly present antigens captured before or at the time of receiving the maturation stimulus. Such ability of mature DCs to present antigens they captured in their immature state has been termed antigenic memory. 6, 7 What are the mechanisms responsible for the developmental control of antigen presentation in DCs? This important aspect of DC biology has been analyzed using DCs generated in vitro from bone marrow (BMDCs), spleen (D1DCs), or blood precursors, but these studies have yielded contradictory results. The results of some experiments suggest that antigen presentation is controlled in DCs at the level of formation of MHC II-peptide complexes [8] [9] [10] [11] and that immature DCs are inefficient at generating these complexes. However, the results of other experiments support the notion that the control is exerted after the MHC II-peptide complexes have been generated and exposed on the DC surface. 9, [12] [13] [14] [15] [16] [17] [18] An additional complication is that the DCs generated in vitro are at best models for their counterparts in vivo, so it is not clear if any of the mechanisms of control described in those studies apply in vivo. This is an important issue because immature DCs may be responsible for inducing peripheral tolerance, [19] [20] [21] a role that would obviously require them to present self antigens. Furthermore, the mechanisms that control antigen presentation in vivo are potential targets for the rational design of therapeutic strategies aimed at inducing tolerogenic or immunogenic reactions.
Dendritic cell preparation
Spleen and lymph node (LN) DCs were purified as described. [23] [24] [25] This purification protocol excludes "plasmacytoid" B220 ϩ DCs. 26 Separation of the DC subsets was carried out by preparative FACS. The DC culture and the antigen presentation assays were carrried out in RPMI 1640 supplemented with 10% fetal calf serum (FCS) and 200 U/mL granulocytemacrophage colony-stimulating factor (GM-CSF) (Pepro Tech, Rocky Hill, NJ).
Antigen presentation to naive OT-II cells and to Ob4 hybridoma T cells
The assays of proliferation of naive I-A b -restricted, OVA-specific T cells (OT-II cells) were carried out and analyzed as described. 25 For the experiment of processing and presentation of exogenous OVA ( Figure 1D) , freshly isolated or precultured DCs were incubated with 50 g/mL OVA for 45 minutes at 37°C in culture medium, washed 3 times, and then plated in round-bottom 96-well plates. Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled OT-II cells were added to the DCs immediately or after 16 hours as indicated. The OT-II cells were purified from transgenic mice and labeled with CFSE as described. 27 For the experiments employing fixed DCs ( Figure 1E ), fixation was perfomed by incubation for 10 minutes at room temperature in 4% paraformaldehyde (PFA) in PBS followed by 3 washes. Fixed cells were plated in round-bottom 96-well plates and then incubated with CFSE-labeled OT-II cells in the presence of 0.1 g/mL OVA 323-339 peptide (Auspep, Melbourne, Victoria, Australia) for 2.5 days.
For the experiments employing DCs from act-OVA mice (Figure 2A ), the DCs were fixed and then incubated with CFSE-labeled OT-II cells for 2.5 days, or with 10 5 I-A b -restricted, OVA-specific Ob4 hybridoma T cells. 28 Secretion of interleukin 2 (IL-2) by the Ob4 hybridoma was measured by enzyme-linked immunoabsorbent assay (ELISA).
Immunofluorescence confocal microscopy (ICM)
Purified DCs were plated on microscopy coverslips and then fixed, permeabilized, and stained for ICM exactly as described. 25 
Cell surface biotinylation
DCs were washed 3 times with ice-cold PBS, resuspended in 2 mg/mL EZ-Link sulfo-NHS-skin DC-biotin (Pierce, New York, NY) dissolved in PBS, incubated for 30 minutes in ice, and then washed 3 times with PBS, 10% FCS, and once with RPMI 1640, 10% FCS. Aliquots were frozen immediately or incubated at 37°C in RPMI 1640, 10% FCS, and 200 U/mL GM-CSF and were then spun down and frozen.
Metabolic labeling, immunoprecipitation, SDS-PAGE, and Western blot
Metabolic labeling of cells, immunoprecipitations, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis were carried out as described. 18, 29 The mAb used to immunoprecipitate MHC II was N22; mAb Y3 was used for MHC I. The efficiency of incorporation of 35 S-Met/Cys in each radiolabeled sample was determined by trifluoroacetic acid (TCA) precipitation of 10 L cell lysate and counting in a scintillation counter. The amount of immunoprecipitates loaded in the gels was then normalized on the basis of those results. Quantitation of the radioactive polypeptides was performed with a Molecular Dynamics (Amersham, Castle Hill, New South Wales, Australia) phosphorimager. Western blots were performed as described. 15, 18 Biotinylated polypeptides were detected with the use of avidin-horseradish peroxidase (HRP) (Amersham), and quantitation was performed with a Molecular Dynamics densitometer.
Results

Maturational stage of lymphoid organ DCs and activation in vitro
Mouse spleens contain 3 DC subsets that differ in their surface markers, functional properties, and perhaps hematopoietic lineages (reviewed in Shortman and Liu 30 ): CD4 ϩ CD8 Ϫ DCs ("CD4 ϩ DCs" hereafter), CD4 Ϫ CD8 ϩ DCs ("CD8 ϩ DCs"), and CD4 Ϫ CD8 Ϫ DCs ("CD4 Ϫ CD8 Ϫ DCs") ( Figure 1A ). 23 We have recently shown that these 3 DC subsets are phenotypically and functionally immature in the steady state, but can be induced to mature by culture in vitro or by injection of stimulatory compounds in vivo, as illustrated in the following set of experiments. 25 First, the freshly isolated spleen DCs expressed moderate levels of MHC II and very low levels of CD86, but during in vitro culture they increased their expression of these 2 markers by 4-to 5-fold and 100-fold, respectively ( Figure 1B) . Second, the freshly isolated DCs accumulated MHC II in late endosomal/lysosomal Lamp ϩ compartments, but the MHC II molecules of their cultured counterparts accumulated on the cell surface, whereas the Lamp ϩ vesicles clustered in a perinuclear region ( Figure 1C ), a characteristic feature of DC maturation common to in vitro-generated DCs. 12, 13, 15, 31 Third, the freshly isolated DCs could process and present the model antigen OVA to naive OT-II T cells, and the presentation still persisted even 16 hours after a brief encounter with OVA (antigenic memory); but cultured DCs were no longer capable of processing and presenting newly encountered antigen ( Figure 1D ). Fourth, if the freshly isolated DCs were fixed to prevent their maturation in culture, they could not stimulate naive OT-II proliferation, but if they were fixed after culture they could ( Figure 1E ). These properties define the freshly isolated spleen DCs as immature, and their cultured counterparts as mature. 5 Similar phenotypic and functional changes can be induced in vivo by inoculating mice with inflammatory compounds such as LPS or CpG 25 (Figure 2 ), indicating that these changes are the result of a normal program of DC maturation rather than an artifact induced by the in vitro culture.
Immature splenic DCs constitutively present self peptides
We were interested in characterizing the cell biologic mechanisms that regulate MHC II antigen presentation in lymphoid organ DCs. Previous studies of DCs grown in vitro from bone marrow, spleen, or blood precursors have led to 2 contradictory models of regulation. The first proposes that the MHC II molecules of immature DCs are inefficient at acquiring peptide cargo and delivering MHC II-peptide complexes to the cell surface, whereas mature DCs do so efficiently. [8] [9] [10] [11] The second model suggests that both immature and mature DCs generate MHC II-peptide complexes and deliver them to the plasma membrane, but immature DCs rapidly endocytose and destroy the complexes, whereas in mature DCs the complexes are long-lived on the cell surface. 13, [15] [16] [17] The availability of large numbers of immature (freshly isolated) and mature (cultured) splenic DCs allowed us to address which of these models is at work in DCs generated in vivo.
First we determined whether the freshly isolated DCs expressed MHC II-self peptide complexes. Splenic DCs were isolated from untreated or CpG-injected transgenic mice that express a membranebound form of OVA as a model self antigen. 22 The DCs were fixed to prevent their maturation in culture, and then incubated with OVA-specific Ob4 hybridoma T cells 28 ( Figure 2A , left panel). Both DC preparations presented the OVA antigen although, as expected, the DCs from the CpG-injected mice were more efficient because they had been activated in vivo and therefore expressed more MHC II on their surface ( Figure 1B ). 25 To verify that only the DCs from the CpG-injected mice were mature, we assessed the capacity of the same fixed OVA-expressing DCs to induce the proliferation of naive OVA-specific OT-II T cells. Just 0.8 ϫ 10 3 fixed DCs obtained from CpG-injected mice were sufficient to induce OT-II proliferation, whereas minimal proliferation was observed even with 50 ϫ 10 3 DCs from untreated mice, demonstrating their immature state ( Figure 2A , right panel).
The results shown in Figure 2A demonstrate that immature DCs from mice that express the model self antigen OVA constitutively load their MHC II molecules with OVA-derived peptides and present the complexes on the plasma membrane. However, it could be argued that this particular complex is not representative of the majority of the MHC II molecules. Therefore, we biochemically assessed the structure of the bulk of the MHC II molecules contained in the steady state in immature splenic DCs. In C57Bl/6 mice (I-A b ), the MHC II-peptide complexes are resistant to denaturation in SDS at room temperature, so they run in SDS-PAGE as a complex with a molecular mass (Mr) of approximately 50 kDa. 29, 32 We immunoprecipitated MHC II from total splenocytes, a preparation of all splenic DCs, and purified CD4 ϩ , CD8 ϩ , and CD4 Ϫ CD8 Ϫ DCs. The immunoprecipitates were loaded in SDS-PAGE with or without boiling, and the position occupied by the MHC II ␣-chain was then determined by Western blot ( Figure  2B ). If any of the DC populations failed to generate MHC II-peptide complexes in vivo, their MHC II molecules would not run as SDS-stable complexes. For comparison, we used normal splenocytes (mostly B cells), which constitutively generate MHC II-peptide complexes. As shown previously, 18 most of the MHC II ␣-chains detected in the nonboiled lanes were forming MHC II-peptide complexes ( Figure 2B) . Indeed, the amount of MHC II-peptide complexes (in the nonboiled immunoprecipitates) relative to the total amount of MHC II ␣ (released in the boiled ones) was comparable in all the DC populations and the splenocytes. We conclude that the bulk of the MHC II molecules of immature DCs constitutively acquire peptides in vivo, just as B cells do. This conclusion was also supported by pulse-chase analysis of MHC II maturation in freshly isolated spleen DCs, which showed that virtually all the newly synthesized MHC II molecules were converted into peptide-loaded complexes. 18 
Endocytosis and half-life of surface MHC II in immature and mature splenic DCs
In the immature splenic DCs, the majority of the MHC II-peptide complexes were in Lamp ϩ compartments ( Figure 1C ). This could be caused by their retention in the endosomal compartments where the MHC II molecules acquire their peptide cargo. Alternatively, it could be that the MHC II-peptide complexes were transiently delivered to the cell surface but were rapidly endocytosed, thus yielding the steady-state distribution observed by microscopy. This second scenario has been shown to occur in both mouse and human DCs grown in vitro. 13, 15 To analyze the MHC II trafficking pathways in immature and mature lymphoid organ DCs, we first assessed by FACS the rate of internalization of a biotinylated mAb bound to surface MHC II ( Figure 3A) . The immature DCs endocytosed nearly half of their MHC II molecules between 40 and 80 minutes, whereas the mature DCs endocytosed only a small fraction. We then compared the half-life of surface MHC II in the immature and mature DCs. The cells were surface-biotinylated at 4°C and then incubated at 37°C for 0, 20, 40, and 80 minutes. The MHC II molecules were immunoprecipitated from each sample and run in SDS-PAGE. The fraction of biotinylated molecules that remained at each time point was then revealed by Western blot and quantitated ( Figure 3B , top panels). Immature DCs degraded approximately 70% of their surface MHC II molecules in 80 minutes, whereas their mature counterparts degraded only 15%. MHC class I molecules were immunoprecipitated sequentially and analyzed similarly, showing that their half-life was very short in both immature and mature DCs ( Figure 3B, central panels) . Finally, total cell lysates were analyzed to assess the rate of degradation of the bulk of the plasma membrane proteins ( Figure 3B , bottom panels). In the immature DCs, the half-life of most surface proteins was comparable to that of MHC I or II, whereas in the mature DCs their half-life was generally longer, though still shorter than the half-life of MHC II. Therefore, surface MHC II was selectively excluded from endocytosis, and subsequent degradation in lysosomal compartments, upon DC maturation. This caused newly arriving MHC II-peptide complexes to accumulate on the plasma membrane of maturing DCs, resulting in increased MHC II levels on the cell surface (Figures 1 and 7) . The kinetics of MHC II degradation determined by cell surface biotinylation appeared faster than the rate of endocytosis as determined by FACS ( Figure 3A ), but it must be noted that the later experiment tracked the internalization of MHC II bound to an antibody, which may impair MHC II endocytosis. Nevertheless, the results of the 2 approaches were consistent with the conclusion that immature DCs endocytosed and then degraded their surface MHC II-peptide complexes in lysosomal compartments much faster than their mature counterparts (Figure 7 ).
Mature DCs down-regulate MHC II synthesis
To maintain their steady-state expression of surface MHC IIpeptide complexes, splenic DCs must compensate for the loss of the destroyed molecules by maintaining a constant output of newly generated complexes. Conversely, mature DCs must prevent the substitution of their "frozen" surface MHC II by newly arriving molecules ( Figure 7) . Therefore, we assessed whether the change in MHC II destruction observed during maturation was accompanied by a change in the rate of MHC II synthesis. 13-15,33 Freshly isolated splenic DCs were put in culture and metabolically labeled for 60 minutes at different time points. The cells were then lysed and their MHC II molecules immunoprecipitated and run in SDS-PAGE. The amount of immunoprecipitate loaded in the gel was normalized for the efficiency of incorporation of 35 S-Met/ Cys in each sample, as determined by TCA precipitation of the cell lysates. MHC II synthesis increased early during maturation (10% higher after 2 hours), but it decreased to 25% of the original rate 4 hours later ( Figure 4A) . Indeed, the 3 fully mature splenic DC populations had virtually shut down MHC II synthesis ( Figure 4B ). In contrast to MHC II, the rate of MHC I synthesis increased in the mature DCs (not shown) ( Figure 5) , consistent with the observation in the preceding section that MHC I is quickly turned over in both immature and mature DCs ( Figure 3B ).
To verify that down-regulation of MHC II synthesis is a physiological response of DCs to maturation in vivo, we compared the rates of MHC II synthesis in splenic DCs purified from mice injected with PBS or with LPS, which induces DC maturation in vivo. 25, [35] [36] [37] [38] The DCs from both animal groups were labeled for 45 minutes, and their MHC II molecules immunoprecipitated and analyzed by SDS-PAGE. MHC II synthesis decreased by 70% to 85% in the DCs from LPS-treated animals ( Figure 4C ), whereas MHC I synthesis increased 3-fold (not shown). 15 
DCs that mature in the steady state in vivo down-regulate MHC II synthesis
To address whether down-regulation of MHC II synthesis occurs in DCs that mature under noninflammatory conditions, we analyzed immature and mature LN DCs. FACS analysis of a subcutaneous LN DC preparation labeled with anti-CD8 and anti-CD205 reveals 3 major groups of CD11c ϩ DCs ( Figure 5A ): CD8 Ϫ CD205 Ϫ DCs, which include mostly the LN equivalents of the splenic CD4 ϩ and the CD4 Ϫ CD8 Ϫ DCs; CD8 ϩ CD205 ϩ DCs, which is the LN equivalent of the spleen CD8 ϩ DCs; and CD205 ϩ CD8 lo DCs, which correspond to skin-derived DCs that have migrated into the subcutaneous LN. 25, 35, [39] [40] [41] Of these DC subsets, the skin-derived DC group is the only one with a mature phenotype, as illustrated by its high expression level of MHC II ( Figure 5A ) (note that the regions containing the skin DCs and the CD205 Ϫ CD8 Ϫ DC subset overlap); their incapacity to process and present newly encountered antigens; and their capacity to stimulate naive T-cell proliferation. 25 To assess the rate of MHC II synthesis in these 3 DC groups, the cells were purified and metabolically labeled for 60 minutes. Their MHC II molecules were then immunoprecipitated from equivalent amounts of radiolabeled cell lysates (normalized by TCA precipitation) and analyzed by SDS-PAGE. Skin-derived (mature) DCs synthesized much less MHC II than either of the other 2 (mostly immature) LN DC populations ( Figure 5B ). In contrast, the rate of MHC I synthesis was higher in the skin DCs than in the immature DC groups ( Figure 5B ).
Most of the MHC II molecules that accumulate on the surface of mature DCs are synthesized de novo
It could be that the MHC II molecules accumulating on the surface of the maturing DCs were either newly synthesized or those contained in the Lamp ϩ compartments of the immature DCs (Figure 1) . We assessed the contribution of newly synthesized molecules by testing the effects of cycloheximide (CHX) (a protein synthesis inhibitor) and brefeldin A (BFA) (an inhibitor of protein export out of the endoplasmic reticulum) on DC maturation. Addition of either drug impaired the increase of MHC II and CD86 expression during in vitro culture ( Figure 6 ). Thus, most MHC II molecules accumulating on the plasma membrane during maturation were derived from de novo synthesis, but as they accumulated on the cell surface, arrival of more molecules was prevented by gradually turning down MHC II synthesis (Figures 4-5 and 7 ).
Discussion
The maturational status of DCs has been generally thought to correlate with their anatomic localization. 4 Thus, immature DCs can be found in peripheral tissues where they are dedicated to sampling their environment until they receive an inflammatory signal associated with pathogen infection or tissue damage. Upon such signals, DCs become activated, travel to the draining lymphoid organs, mature, and efficiently present the antigens they captured in the peripheral tissue. 24, 25, [41] [42] [43] [44] [45] However, DCs are heterogeneous in origin, phenotype, and function, 30 and it has become evident that not all the DC types follow this life cycle. 25, 39, 46 We have recently described that in the steady state the only lymphoid organ DC types that are phenotypically and functionally mature are those known to migrate from peripheral tissues, such as the skin, the airways, or the gut, into their corresponding LNs. 25 These tissue-derived DCs represent approximately half of the total DCs contained in the steady state in the subcutaneous, mesenteric, mediastinal, and iliac LNs. The remaining 50% of the LN DCs, and virtually all of the splenic DCs, are immature (Figures 1-2, 5 ). 25 Moreover, these immature DCs can respond to inflammatory stimuli and mature in situ (Figure 2) . 25, [35] [36] [37] [38] Similar conclusions have been obtained in studies of human tonsil and spleen DCs. 47,48 Such a large cohort of immature lymphoid organ DCs might have 2 major functions: first, they might be responsible for inducing tolerogenic mechanisms in the steady state 19, 21 ; second, they might play a surveillance role in the lymphoid organs because they have the capacity to respond to pathogens reaching those organs, mature in situ, and then activate naive T cells. 25, [35] [36] [37] [38] Antigen presentation plays a central role in these 2 functions. It is therefore important to characterize how DCs process and present antigen in their immature and mature states in vivo. This study demonstrates that immature DCs constitutively present self antigens in vivo and describes the cell biologic mechanisms that endow DCs with antigenic memory.
Immature DCs constitutively present self antigens
Our results show that the MHC II molecules of the immature lymphoid organ DCs constitutively acquired peptides, thus forming SDS-stable complexes ( Figure 2 ). As in other APCs, in the absence of foreign antigens the peptides contained in these SDS-stable complexes must be derived from endocytosed self proteins either synthesized by the DCs themselves (endogenous) or captured from the surrounding medium (exogenous). 2, 3 Since immature lymphoid organ DCs expressed relatively high levels of MHC II on their surface, as shown by FACS analysis (Figure 1 ) and cell surface biotinylation (Figure 3) , and virtually all the MHC II molecules expressed by the DCs in the steady state were bound to peptides ( Figure 2B ), we conclude that immature DCs constitutively deliver to their surface MHC II-self peptide complexes. This conclusion was supported with the analysis of DCs from mice expressing the model antigen OVA. Freshly isolated, fixed immature DCs presented endogenously produced OVA to a T-cell hybridoma even though they were unable to stimulate OVA-specific naive T cells, thus demonstrating their immature state. Similar conclusions have been obtained in studies of antigen presentation of endogenous hen egg lysozyme by splenic DCs or BMDCs. 17 Immature BMDCs were also capable of quickly processing and presenting peptides derived from exogenous hen egg lysozyme and pigeon cytochrome C. 16, 17 All together, these results demonstrate that immature DCs constitutively load their MHC II molecules with antigenic peptides derived from both endogenous and exogenous proteins degraded in their endocytic route, and display the resulting MHC II-peptide complexes on their surface.
The rates of MHC II-peptide endocytosis and MHC II synthesis are coordinately regulated during DC maturation
In immature DCs, the MHC II-peptide complexes delivered to the cell surface had a fast turnover (half-life less than 1 hour) ( Figure  3 ), because they were rapidly endocytosed and degraded in endosomal compartments. This flow of MHC II provoked the steady-state distribution that is characteristic of immature DCs: accumulation in late endosomal/lysosomal compartments ( Figures  1 and 7) . 49 Similar conclusions have been reached in studies of DCs grown in vitro from bone marrow, spleen, and blood precursors. 13, 15 Since the immature lymphoid organ DCs display considerable endocytic capacity, 35 this mechanism might allow these DCs to constantly present an updated sample of the self-antigenic repertoire that reaches the lymphoid organs by itself or is brought by other incoming cells. 39, [50] [51] [52] [53] [54] However, because the MHC II-peptide complexes are quickly turned over, this also implies that each antigenic peptide is presented on the surface at relatively low levels. 9,10,16,17 When the freshly isolated DCs became activated by in vitro culture, endocytosis of surface MHC II-peptide complexes was selectively down-regulated, thus protecting the complexes from degradation in lysosomal compartments (Figure 3) . The selective retention of MHC II at the surface of mature DCs may be due to their localization in lipid rafts or tetraspanin-rich domains of the plasma membrane. [55] [56] [57] [58] [59] This caused the accumulation of newly arriving complexes on the plasma membrane of the maturing DCs (Figure 7) . The up-regulation of surface MHC II expression in maturing DCs was abrogated by CHX or BFA, demonstrating that most of the molecules deposited on the plasma membrane after activation were synthesized de novo. Unlike the complexes generated in immature DCs, the complexes generated after DC activation may access the plasma membrane through tubulovesicular structures. 11, [60] [61] [62] [63] [64] In step with the changes in MHC II endocytosis, MHC II synthesis increased transiently, but by 18 hours it was nearly shut down. [13] [14] [15] 33 This prevented the substitution of the MHC II-peptide complexes that arrived at the plasma membrane shortly after activation for new complexes (Figure 7 ). Down-regulation of MHC II synthesis is a physiological response to maturation in vivo, as demonstrated by the low rate of MHC II synthesis in DCs from LPS-injected animals ( Figure 4C ) or in the mature skin DCs that migrate into the subcutaneous LNs in the steady state ( Figure 5 ). Since the in vivo-matured DCs expressed more MHC II on their surface than their immature counterparts ( Figure 5A ), 25 their lower biosynthetic rate had to be compensated for by a lower turnover rate, consistent with the conclusions of our analysis of spleenderived DCs.
All the changes in MHC II synthesis, trafficking, and half-life that we described biochemically were fully consistent with the results of the antigen presentation experiments. Antigens captured by immature DCs early during activation were presented for a long time (antigenic memory) ( Figure 1D ), but once the DCs matured, they were inefficient at presenting newly encountered antigens ( Figure 1D ) 25 even though they still maintained considerable endocytic activity (not shown). 65 Our results thus support a model of control of trafficking and expression of MHC II in DCs in vivo based on the kinetics of endocytosis of surface MHC II-peptide complexes rather than on the acquisition of peptide cargo (Figure 7) . 13, [15] [16] [17] These results also indicate that the level of MHC II expression can be a misleading parameter when DC maturity is assessed. For example, the immature lymphoid organ DCs express more MHC II on their surface than immature BMDCs and levels similar to those of D1DCs, but the half-life of MHC II in immature D1DCs and BMDCs is several hours, 14,15 compared with 1 hour in immature splenic DCs (Figure 3) . Similarly, down-regulation of MHC II synthesis during maturation proceeds more slowly, and to a lesser extent, in DCs generated in vitro than in lymphoid organ DCs. [13] [14] [15] We conclude that the parameter that best defines the maturational state of DCs is the rate of turnover of MHC II-peptide complexes rather than the efficiency of generation of the complexes or the level of their expression on the DC surface.
In conclusion, our study provides support for the hypothesis that immature DCs in the lymphoid organs induce tolerance by constitutively presenting self antigens, and it describes the cell biologic mechanisms that endow mature DCs with their unique capacity to provide a "memory" of the antigens they captured in their immature state.
